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Abstract: Methamphetamine (METH) is a major drug threat in the United States and worldwide.
Monoclonal antibody (mAb) therapy for treating METH abuse is showing exciting promise and the
understanding of how mAb structure relates to function will be essential for future development of
these important therapies. We have determined crystal structures of a high affinity anti-(+)-METH
therapeutic single chain antibody fragment (scFv6H4, Kp= 10 nM) derived from one of our
candidate mAb in complex with METH and the (+) stereoisomer of another abused drug, 3,4-
methylenedioxymethamphetamine (MDMA), known by the street name “ecstasy.” The crystal
structures revealed that scFv6H4 binds to METH and MDMA in a deep pocket that almost
completely encases the drugs mostly through aromatic interactions. In addition, the cationic
nitrogen of METH and MDMA forms a salt bridge with the carboxylate group of a glutamic acid
residue and a hydrogen bond with a histidine side chain. Interestingly, there are two water
molecules in the binding pocket and one of them is positioned for a C—H-: - -O interaction with the
aromatic ring of METH. These first crystal structures of a high affinity therapeutic antibody
fragment against METH and MDMA (resolution = 1.9 I°\, and 2.4 A, respectively) provide a structural
basis for designing the next generation of higher affinity antibodies and also for carrying out
rational humanization.
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Figure 1. The structural representation of an intact IgG and
the scFv antibody. To convert the anti-METH IgG6H4
binding region to anti-METH scFv6H4, the variable heavy
(VW) and variable light (V) regions were amplified and
joined by PCR. The antigen binding sites are represented
by black circles near the V and V| domains.

Introduction

The National Drug Intelligence Center reports (+)-
methamphetamine (METH) is the second major drug
threat to the United States, only behind cocaine." Cur-
rent pharmacological therapies for the treatment of
the adverse health effects of METH-like stimulants
relieve some organ-based symptoms, but specific med-
ications designed to treat direct medical complications
of METH abuse are nonexistent. Most importantly,
there are no FDA-approved medications that reduce or
treat METH related addiction.

Antidrug immunotherapy, both active and passive,
is an exciting and promising potential treatment for
drug abuse. Active immunotherapy involves injection
of a patient with a drug-like hapten conjugated to an
antigenic carrier protein. This approach is showing
promising results in early clinical trials for the treat-
ment of nicotine and cocaine addiction.>® Passive im-
munization for drug abuse involves intravenous deliv-
ery of a bioengineered antidrug monoclonal antibody
(mAbs) or a fragment such as Fab or single chain vari-
able fragment (scFv) (Fig. 1) to attain immediate short
term (minutes to hours) or long-lasting (weeks to
months) protection. Both therapies provide antibodies
that act as pharmacokinetic antagonists* serving to
sequester the drug in the vascular compartment and
prevent the drug from entering various critical sites of
action like the brain.®

The key initial step for creating both passive and
active immunotherapy for METH is the design of a
suitable METH-like hapten. Critical improvements
have come through progressive knowledge-based
design of haptens and the use of more effective anti-
genic carrier proteins for stimulating an immune re-
sponse.® Generating high-specificity antibodies against
METH is challenging due to the presence of pharma-
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cologically active metabolites and the potential pres-
ence of some over the counter medications that could
compete for binding and reduce efficacy. An additional
challenge arises from the small size of the drug mole-
cule. Antibody interactions are mediated primarily by
the six complementarity determining regions (CDRs)
and antigen binding generally involves direct interac-
tions of 15—-20 amino acids’” for larger antigens like
proteins or peptides. The drugs in this report likely
interact with fewer residues because of their smaller
surface area and paucity of charged atoms in the mole-
cules. METH surface area is calculated as 206 A and
it has only one charged atom available for hydrogen
bonding at physiological pH (~7.4). Therefore, an
anti-METH mAb has only a limited number of poten-
tial interaction sites for optimizing specificity and af-
finity. These limitations make the generation of thera-
peutic antibodies very challenging, but with careful
hapten design mAbs were generated® with high speci-
ficity and affinity. However, even though antibodies
with these characteristics were generated, we do not
yet understand the structural basis of antibody activity
resulting from the hapten selection process.

Traditionally, most of the structural studies on
antigen binding have been carried out using Fab frag-
ments; however, we have chosen a recombinantly pro-
duced scFv for this study. The scFv format is only half
the size of the Fab fragment and the smallest antibody
fragment that retains the antigen binding properties of
the parent IgG. ScFvs are generated by introducing a
polypeptide linker between the variable light chain do-
main and the variable heavy chain domain. A key
advantage of the recombinant nature of the scFvs is
that it allows tailoring of the binding site for increased
affinity and also humanizing the molecule rationally.
Moreover, in therapeutic applications, when a short
duration of action and greater extravascular penetra-
tion are needed, scFvs are better suited as they have a
much shorter half life ranging from minutes to few
hours.>'® Therefore, scFvs can be of great value in
overdose cases when rapid removal of the drug from
the body is necessary.™

We crystallized a scFv derived from one of our
highest affinity antibodies, mAb6H4 (Kp = 10 nM).°
This mAb was generated using a hapten called METH-
P6 [Fig. 2(A)]. ScFv6H4 was produced from the parent
IgG without any loss of affinity or specificity.'® In this
report, we present the crystal structures of this high
affinity scFv in complex with METH and MDMA.

Results

Crystal structures

The crystal structures of ScFvoH4:METH and
ScFv6H4:MDMA complexes were determined using
1.9 A diffraction data (Reactor = 21.0%) and 2.4 A dif-
fraction data (Rpetor = 21.4%), respectively. The
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Figure 2. Chemical structures of stimulants and the amino acid sequence of scFv6H4. (A) Chemical structure of related
stimulants (+)-amphetamine, (+)-methamphetamine, (+)-3,4-methylenedioxymethamphetamine, and hapten (+)-METH-P6,
that was used to generate the parent mAb6H4. (B) The amino acid sequence of scFv6H4 with Kabat numbering.'? The
framework and CDR loop regions are indicated above the sequence. Residues forming the aromatic barel around METH and
MDMA are boxed in bold. Residues that form salt bridge or hydrogen bond are boxed in bold and shaded.

electron density maps clearly revealed the positions of
the ligands. The conformations of both ligands are
similar in that they are fully extended in the binding
pocket. Figure 3 depicts the electron densities of the
ligands and five surrounding residues. The overall con-
formations of METH and MDMA are very similar to
those observed in the small molecule crystal structures
of METH-HCI and MDMA-HCI, respectively,">'* with
minor differences in the positions of the methyl
groups attached to the cationic nitrogen atoms, indi-
cating that the binding sites accommodate the native
conformations of METH and MDMA.

Molecular geometry
In the crystal lattice, scFv6H4 molecules exist solely as
monomers, even though, in solution, the size exclusion
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elution profiles indicated the presence of dimeric and
trimeric forms in addition to the monomeric form.*
The scFv6H4 is comprised of a variable light chain do-
main (V) and a variable heavy chain (Vy) domain,
both possessing immunoglobulin fold [Fig. 4(A)]. Each
domain contains two antiparallel B-pleated sheets, four
strands in the first sheet and five in the other. The
binding site is formed by six CDR loops; three contrib-
uted by the light chain and three by the heavy chain.
These loops correspond to the six hypervariable
sequence regions which are labeled as L1, L2, and L3,
and Hi1, H2, and H3 [Figs. 2(B) and 4(A)].

METH binding
Figure 4(B) depicts a surface representation of the
scFv binding pocket, indicating that the METH

Crystal Structure of a therapeutic scFv



Figure 3. The omit maps displaying the electron densities of the ligands and surrounding amino acids. The ligands are shown
in red, the heavy chain residues in green, and the light chain in blue. (A) METH and surrounding five residues. The map is
computed at 1.9 A resolution and the contours are drawn at 2.7c level (B) MDMA and surrounding residues. The map is

computed at 2.4 A and the contours are drawn at 2.7c level.

molecule sits in a deep pocket and is encased almost
completely. In fact, only 3% of the surface area of
METH is solvent accessible in the structure of the
complex. Both hydrophobic and hydrophilic interac-
tions stabilize the binding. The binding is mediated
mostly by four CDR loops, H1, H2, H3, and L3. CDR
loops L1 and L2 do not directly participate in METH
binding.

Aromatic barrel

The entrance of the binding pocket is lined with seven
aromatic residues; three of these are from the light
chain and the other four from the heavy chain. Three
residues from the L3 loop of the light chain (TrpLo1,
PheLo4, and PheL96), one residue from H1 (TyrH33),
one residue from the B-strand-3c (TyrH47), one residue
from H2 (TyrH50), and one residue from H3 of the
heavy chain (PheHo9s) form a hydrophobic barrel
around the aromatic portion of METH [Fig. 5(A)]. These
seven residues encase 75% of the surface area of METH
in a thermodynamically favorable arrangement. It is
worth noting that one of the aromatic residues, TyrH47,
is located on a B-strand framework region, and TyrH50
and PheHos are located at the beginning of the H2 and
H3 CDR loops, respectively, indicating that the binding
pocket runs deep into the interior of the molecule.

Celikel et al.

Hydrophilic interactions of METH

Although the binding is mediated mostly by hydropho-
bic interactions, the protonated secondary amine of
METH plays a crucial role in anchoring the ligand
deep in the pocket. There is a salt bridge between the
cationic nitrogen of METH and the carboxyl oxygen of
GluH101 with a nitrogen—oxygen distance of 2.7 A. In
addition, the cationic nitrogen forms a hydrogen bond
to HisL89 (3.1 A) of the light chain [Fig. 5(A)]. The
orientation of the METH molecule, with the aromatic
ring near the entrance and the cationic secondary
amine pointing to the bottom of the pocket is consist-
ent with the fact that the hapten (+)METH-P6, used
in generating and selecting the original IgG, has a
linker between the protein and the aromatic ring of
METH in the para-position [Fig. 2(A)].8

Water molecules in the binding cavity

Because METH and MDMA are predominantly hydro-
phobic, one would expect the binding cavities to be
devoid of solvent molecules; however, in both com-
plexes, there are two water molecules, Ow(5) and
Ow(6), in the cavity separated by a distance of 2.8 A
indicating a strong hydrogen bonding interaction
between them [Fig. 5(A)]. Additionally, the Ow(6)
water molecule forms very strong hydrogen bonds
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Figure 4. scFv6H4 METH binding. (A) A ribbon
representation of scFv6H4:METH complex. The scFv6H4
consists of variable light chain domain (V) (blue) and a
variable heavy chain domain (V) (green). Each domain is
made up of two antiparallel pleated B-sheets. One sheet
comprises four B-strands (marked as 1, 2, 4, and 5) and
the other five strands (marked as 3c, 3b, 3, 6, and 7). The
antigen binding site is formed by three CDR loops from the
light chain (marked as L1, L2, and L3) and three CDR
loops from the heavy chain (marked as H1, H2, and H3).
The METH ligand is shown in red. The heavy and the light
chains are joined together through a 15 amino acid
peptide linker. Nine of these linker residues were not
clearly visible in the electron density map of the METH
complex and they are indicated by a dashed line in this
figure. In the MDMA complex, only five residues are
missing. The disordered residues are more than 20 A away
from the binding site. (B) A surface (solvent exclusion)
representation of scFv6H4 bound to METH illustrating the
deep binding pocket. The representation has been colored
with the same colors used in (A). METH is shown as a ball
and stick figure colored in salmon. The protein was
clipped in the plane of the paper to show the interior of the
binding pocket. Representation was rendered using PyMol
(Delano Scientific, LLC).

with the side chain of SerHg3 and the carboxyl oxygen
atoms of GluH101. Ow(5) interacts with the side chain
of SerH35 and the carbonyl atoms of SerH93 and
TyrH33. Another intriguing aspect of the presence of
water molecules is that the Ow(5) molecule is posi-
tioned close to the aromatic plane of METH with a
C---O distance of 3.5 A from the proximal ortho-car-
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bon atom, suggesting the formation of a C—H:--O
hydrogen bond [Fig. 5(A)].

MDMA binding

ScFv6H4 binds MDMA with an almost identical affinity
as METH (Kp = 17 nM, and 10 nM, respectively). Anal-
ysis of the scFv6H4:MDMA structure revealed that the
antibody indeed binds to MDMA in an almost identical
manner as it does to METH. Figure 5(B) depicts a
superposition of the two complexes and shows that the
protein conformations are the same in both structures.
The root mean square deviation of superposition
between the Co carbon atoms in the two crystal struc-
tures is 0.23 A. The METH and MDMA molecules have
the same conformation as they bind to scFv6H4. Also,
careful examination of the conformation of the residues
forming the antigen binding site reveals that the confor-
mations of the side chains of these residues are practi-
cally the same in both structures. Thus, the antibody is
able to bind to two structurally related stimulants with-
out any significant change in conformation.

Discussion

The therapeutic scFv6H4 binds METH and MDMA
with very high affinity, but it binds their (—) isomers
with much lower affinity. Similarly, scFv6H4 binds
another structurally related stimulant, AMP, with
much lower affinity than METH. This study provides a
basis for analyzing these differences. Compared with
METH, MDMA has an additional five-membered ring
attached to the aromatic ring [Fig. 2(A)], yet the bind-
ing interactions with scFv6H4 are almost identical,
because the extra five-membered ring moiety of
MDMA is positioned at the entrance of the binding
pocket in a solvent accessible manner, causing no
steric hindrance (Fig. 5). The binding modes of METH
and MDMA suggest strongly that the binding pocket
was dictated by the linker position of the hapten at the
para-carbon of the aromatic ring [Fig. 2(A)].

ScFv6H4 binding to AMP is weak

The dissociation constant of the (4) stereoisomer of
AMP to the anti-METH scFv6H4 (Kp = 20.7 uM) is
~2000 times weaker than that for METH (Kp = 10
nM). The AMP molecule differs from METH only in
the absence of the methyl group attached to the cationic
nitrogen. The aromatic ring of AMP and its cationic
nitrogen could both participate in favorable interactions
similar to those observed in the METH:scFv6H4 and
MDMA:scFv6H4 structures. Additionally, as AMP is
smaller in size than METH, it should not cause any
steric hindrances when binding to scFv6H4. Therefore,
a ~2000 fold difference in affinity between AMP and
METH is rather surprising.

We can envision two possible scenarios leading to
lower affinity of the scFv for AMP. (i) The methyl
group attached to the nitrogen remains in a hydropho-
bic environment and it packs tightly against the

Crystal Structure of a therapeutic scFv
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Figure 5. METH/MDMA binding pockets. (A) A stereoscopic view of methamphetamine binding pocket. Methamphetamine is
shown in red, the light chain residues in blue, and the heavy chain residues in green. The aromatic ring of METH is
surrounded by seven aromatic side chains. There is a salt bridge interaction between the cationic nitrogen and one of the
carboxylate oxygen atoms of GluH101 from the heavy chain. The cationic nitrogen atom also forms a hydrogen bond with
HisL89. There are two water molecules—Ow(5) and Ow(6) in the binding cavity. Ow(6) forms hydrogen bonds with Ow(5) and
the side chains of GluH101 and SerH93. Ow(5), in addition, forms hydrogen bonds with the main chain carbonyl of TyrH33,
SerH93, and the side chain of SerH35. Moreover, Ow(5) is positioned to form a C—H- - -O hydrogen bond with the aromatic
ring of METH. The H---O distance is 2.6 A and the C—H- -0 angle is 143°. (B) A comparison of METH and MDMA binding.
The Ca-atoms of the scFv6H4:METH structure (blue) with scFv6H4:MDMA structure (red) are superposed (root mean square
deviation of 0.23 A for the Co atoms). In the MDMA complex, the aromatic ring and the cationic nitrogen occupy the same

locations retaining the same interactions.

aromatic side chains of TyrL34, TrpLo1, and PheHos
[Fig. 5(A)]. In the absence of the methyl group these
packing interactions will be lost; however, it is difficult
to imagine that the lack of close packing in just one
area of the molecule would cause such a dramatic
drop in binding affinity. Therefore, one possibility is
that there is an overall shift in the ligand position
which weakens the interactions. (ii) The other possibil-
ity is that the weaker binding is associated also with
entropic effects. The creation of the void space could
pave the way for the entry of a water molecule into
the binding pocket weakening the binding. In one of
our earlier structural studies on von Willebrand factor
A1 domain, it was found that a mutation of an Ile resi-
due to a Val residue was accompanied by an entry of a
water molecule close to the position of the deleted
methyl group. The presence of the water molecule
caused the rearrangement of side chains in the vicinity
and even caused conformational changes at a remote
location resulting in a drastic change in the binding
affinity.'®
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Stereospecificity of binding

Although scFv6H4 has an affinity of 10 nM for METH,
it binds the (—) isomer of METH with an affinity of
586 nM.'" In an attempt to understand the mecha-
nism of this stereo-specificity, we generated an in sil-
ico model for (—)-METH binding to scFv6H4 such
that the interactions of the aromatic ring and hydrogen
bonding interactions of the cationic nitrogen are
retained. In this scenario, the methyl group attached to
the chiral center of (—)-METH is too close to the CB
atom of TrpLoi, suggesting that steric hindrances
weaken the binding interactions for (—)-METH (Fig. 6).

Aromatic pairing interactions

in the binding pocket

Considering the involvement of a relatively high num-
ber of aromatic residues in the binding of METH and
MDMA, we examined whether the relative orientations
of the aromatic side chains favor antigen binding. It
has been suggested that intramolecular aromatic—
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| GluH101

Figure 6. Docking of the (—) isomer of METH to scFv6H4.
In this model, all the atoms other than the methyl group
occupy the same location as the (+) isomer of METH in the
crystal structure. The methyl group makes an unfavorable
contact (2.87 A) with the CB atom of TrpL91. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

aromatic interactions contribute to the stability of
globular protein structures.’®” It was pointed out,
that on an average, 60% of the aromatic side chains in
proteins participate in such interactions.’® Molecular
dynamics simulation calculations on model com-
pounds indicate that one of the optimal geometries for
aromatic residue pairs is a T-shaped arrangement
where the edge of one ring points to the face of the
other.® In this configuration, hydrogen atoms with
partial positive charges on the edge of one ring can
interact favorably with the pi electrons or the partially
negatively charged carbons of the other ring. In the
scFv6H4 crystal structures, the aromatic rings of
METH and MDMA molecules are oriented nearly per-
pendicular to the benzene ring of TrpLg1 and similarly
the PheLg6 side chain is almost orthogonal to the aro-
matic rings of METH and MDMA, indicating that the
pairing interactions play an important role in binding.

Cation-n interactions

The cationic nitrogen atoms of METH and MDMA are
positioned right above the center of the benzene ring
of PheHos (at about 5.1 10&), pointing to a favorable
interaction of the nitrogen with the n-electrons of the
Phe side chain.' In a similar interaction with TrpLo1,
the nitrogen atoms are situated about 4.5 A above the
center of the pyrrol ring of the Trp residue. This type
of cation-n interaction with a pyrrol ring is almost as
strong as the interaction with a benzene ring*°
(Dougherty, personal communication). In the crystal
structure of morphine:antibody complex, the cationic
amine of morphine participates in cation-n interac-
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tions with two Trp residues, but both involving the
benzene rings.*!

C—H- - -0 hydrogen bonds in ligand binding
There are two water molecules in the binding site and
they are depicted in Figure 5(A). As mentioned in the
"Results" section, one of them, Ow(5) is involved in a
C—H- - -0 hydrogen bond with the ligand. Although the
most widely recognized types of hydrogen bonds have
either NH or OH groups acting as proton donors, the
ability of CH groups to also act as proton donors is
well appreciated.*®*3 These hydrogen bonds involving
CH groups are recognized as major contributors to the
stabilization of protein folding and protein/protein or
protein/ligand interactions, even though they are
weaker than conventional hydrogen bonds like
N—H---O and O—H---O (see Refs. 24 and 25, and the
references listed therein). Ligands bound to protein
molecules often form hydrogen bonds with solvent
molecules also. Analyses of the protein-ligand com-
plexes show that ligands use C—H:--Ow bonds more
abundantly than N—H---Ow and O—H.--Ow bonds.?®
Ligands generally use the stronger hydrogen bonds
N—H---Ow and O—H---Ow to bind to proteins,®”
while keeping an amicable relationship with neighbor-
ing water molecules through weaker C—H---O hydro-
gen bonds. When METH or MDMA binds to scFv6H4,
they use N—H---O (GluH101) and N—H- - -N (HisL89)
hydrogen bonds. METH/MDMA interacts with a sol-
vent molecule through C—H- - -Ow hydrogen bonds.

Comparison of anti-METH scFv6H4 with
anticocaine and antiphencyclidine (PCP)

mADb structures

We compared the binding modes of METH with co-
caine®®22 and PCP3° to examine if there is any correla-
tion between the nature of the binding site and the
length of the hapten linker used for generating these
antibodies. It is worth pointing out that the modes of
cocaine binding by the two antibodies are entirely dif-
ferent despite the fact that both antibodies have equally
high affinities toward cocaine. One antibody binds co-
caine into a deep pocket,® whereas the other one binds
it on the surface.®® The former was generated using a
longer hapten linker, whereas the latter was generated
with a shorter linker. The anti-PCP mAb®° also exhibits
a deep pocket and it should be pointed out that the
PCP-like hapten linker is similar in length and is at the
same para-position on an aromatic ring as in METH P6
[Fig. 2(A)]. Thus in light of antibody structural informa-
tion, the linker length as well as the position of attach-
ment on the drug-like molecule are vitally important
aspects of hapten design.

In a previous attempt to visualize the geometry of
METH binding, a homology model for scFv6H4 was
constructed with a METH molecule computationally
docked into the binding site.® The modeling predicted

Crystal Structure of a therapeutic scFv



a shallow binding pocket on the surface while crystal
structure shows that METH binds in a deep pocket.

In conclusion, this analysis has provided the
structural basis for understanding the binding mecha-
nism of a therapeutic anti-METH single chain anti-
body, scFv6H4, with METH, MDMA, and structurally
similar compounds. The scFv6H4 binds METH in a
deep pocket suggesting that the length of the linker
group of the METH-like hapten (P6) was sufficient to
allow deep engulfment of the free METH molecule. On
the basis of the crystal structure of the METH com-
plex, we hypothesize that the diminished binding affin-
ity of AMP is possibly due to the entry of a water mol-
ecule into the cavity. Docking studies indicate that the
binding of the (—) stereo isomers of METH and
MDMA will generate unfavorable contacts in the bind-
ing site, thus increasing the specificity of scFv6H4 for
the (+) isomer of METH. The structures reported here
represent the first crystallographic analysis of METH
and MDMA interactions with antibodies. The insights
gained from this study will be invaluable in designing
more potent antibodies, humanizing these antibodies
to reduce possible antigenicity and to tailor more
effective haptens for anti-METH vaccines.

Materials and Methods

Cloning of anti-METH scFv6H4

In an effort to generate a quick-acting anti-METH bind-
ing fragment with a short half-life in the body, a single
chain variable fragment (scFv) was generated from an
early prototype anti-METH antibody (mAb6H4).'° The
scFv6H4 was constructed by joining the light and heavy
chain variable domains of the parent mAb6H4 (Gen-
Bank accession nos. DQ381543 and DQ381542, respec-
tively) with a 15 amino acid linker of (Gly,Ser), [Fig.
2(B)]. The genetic re-engineering of mAb6H4 IgG into
scFv6H4 changed the protein from a ~150 kDa protein
with two METH binding sites to a ~27.4 kDa protein
with one METH binding site. It also converted the orig-
inal IgG from a two gene product (from heavy and light
chain coding sequences) into a single gene product
(GenBank accession # FJ821514).

Expression of scFv6H4

The scFv6H4 was initially expressed in E. coli, but
during purification it was found to form >90% insolu-
ble inclusion bodies. To circumvent this problem, the
scFv6H4 coding sequence was recloned into a Pichia
pastoris yeast expression system so that the coding
sequence was in-frame behind a cleavable alpha-mat-
ing factor. This allowed protein secretion into the
media during methanol-induced protein expression,
thereby decreasing the potential for formation of insol-
uble protein inclusion bodies. The scFv6H4 with an
His-tag on its carboxy terminus, yielded ~12.4 mg/L
protein in 98 h of a yeast fermentation production

run.'®
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Chromatographic purification of scFv6H4

The protein was purified to greater than 98% homoge-
neity in one purification step using a nickel-column.
The purified scFv6H4 was a mixture of monomer
(~75%) and dimer (~25%), with traces of a possible
trimer.'® Previous studies suggest that linkers shorter
than 12 amino acids can result in multimeric complexes
(dimers, trimers, etc.) due to “domain swapping,” and
that transition between monovalent and divalent scFv
can be somewhat controlled by the linker length.3"32
Considering these findings, and with the intention of
producing a predominately monomeric scFv, we used a
15 amino acid linker to connect the two chains.*®

Source of METH and MDMA

METH [(+4)-N-methyl-1-phenylpropan-2-amine hydro-
chloride] and MDMA [(+)-3,4-methylenedioxyme-
thamphetamine] were synthesized at the Research Tri-
angle Institute (Research Triangle Park, NC) and we
obtained them from the National Institute on Drug
Abuse (Bethesda, MD). The purities of the compounds
were better than 99%.

Crystallization of scFv6H4 with METH

and MDMA

Crystals of the scFv6H4:METH complex and the
scFv6H4:MDMA complex were grown using hanging
drop vapor diffusion technique. The protein stocks of
12 mg/mL were prepared in a solution of 5 mM
HEPES, 150 mM sodium chloride, and 5 mM octyl $-p-
glucopyranoside detergent at pH 8.3. METH or MDMA
was added to the protein solution to a final concentra-
tion of 5 mM. The reservoir solution contained 1.15M
sodium citrate and 0.28M imidazole-malate (at pH 8
for METH complex and pH 7.8 for MDMA complex).
The hanging drops were made by combining 1 pL of
the protein stock with 1 pL reservoir solution on 22
mm microscope cover slips. The crystallization tissue
culture plates were kept at 14°C in an incubator.

The crystals of both complexes grew typically in
about 3 weeks with dimensions of about 0.1 mm x 0.1
mm x 0.2 mm. Preliminary diffraction data were col-
lected on an R-AXIS IV*" image plate detector system
mounted on a RU-H3R Rigaku rotating anode genera-
tor. The final data sets were collected at the Stanford
Synchrotron Radiation Laboratory (SSRL), Palo Alto,
CA. The summary of data collection statistics of both
crystals are listed in Table 1.

Structure determination of scFv6H4:METH

The structure of scFv6H4:METH complex was deter-
mined by the molecular replacement technique. Using
the known geometry of prototype Fab structures, a
homology model was constructed and it was used as a
search model. The rotation and translation searches
were carried out with 4 A diffraction data using CNS
suite of programs,®* which yielded a unique solution.
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Table I. Data Collection and Refinement Statistics

Crystal

scFv6H4:METH

scFv6H4:MDMA

Space group

Cell dimensions

a, b, ¢ (A)

o B,y .

Resolution (A)

Rmerge

Average I/cl
Completeness, overall (%)
Redundancy

Wavelength (A)

Number of images
Oscillation range
Number of observations
Number of unique reflections

Refinement statistics

Number of protein atoms
Number of ligand atoms
Number of water molecules
Rfactor/ Rfreea

Rms bond lengths, angles

Ramachandran statistics

Most favored (%)
Additional allowed (%)
Generously allowed (%)
Disallowed

Luzzati error (f&)

Average B values

Protein (A%)

Ligand (A?)

Water (A2)

P2,

34.32, 65.25, 48.51
90°, 98.72°, 90°

P2,

34.17, 64.81, 48.32
90°, 98-9§°, 90°

1.9 A 2.4 A
5.0% (18.8%) 4.5% (15.1%)
33.2 (4.9) 23.9 (6.8)
98.6 (89.8) 99.8 (99.5)
6.7 (4.4) 3.75 (3.7)
0.97946 0.97945
499 180
0.5° 1°
110,482 31,183
16,576 8213
1783 1799
11 14
96 77
21.0/23.3 (26.3/27.5) 21.4/27.3 (34.9/37.5)
0.005 A/1.3° 0.008 A/1.3°
89.0 89.5
9.5 8.5
1.0 15
0.5 0.5
0.23 0.32
23.5 38.9
16.1 20.3
33.8 42.9

The values in the parentheses refer to the highest resolution shell: 1.99—1.90 (10{) for the METH complex and 2.48-2.40 (A) for
the MDMA complex. The diffraction data were collected at 100° K on beam line 9—1 at Stanford Synchrotron Radiation Labora-
tory, Palo Alto, CA. The data were reduced using the software package HKL.2000.33

# Seven percent of the reflections were set aside for Ry, calculations.

The initial model was examined using a 2Fo-Fc map
and a Fo-Fc map (2.7 1()\) and the regions of the model
which did not match with the maps, particularly the
loop regions, were rebuilt into the well-defined contin-
uous electron densities of these regions. The model
was further refined using 2.5 A data and a difference
electron density map was computed, which revealed
the position and the conformation of the ligand
METH. After two more cycles of rebuilding and refine-
ments, a total of 96 water molecules were located
using a difference electron density map. At the close of
the refinements, Rycior and Rpee Were 21.0 and 23.3%,
respectively, for the 1.9 A diffraction data (Table I).

Structure determination of scFv6H4:MDMA

The crystals of the scFv6H4:MDMA complex have the
same space group and nearly identical cell dimensions
at the scFv6H4:METH structure. Therefore, the coor-
dinates of the scFv6H4:METH structure (excluding the
METH molecule and the solvent molecules) were used
as the starting model. A difference electron density
map computed after 20 cycles of rigid body refinement
calculations revealed the entire MDMA molecule. A
total of 77 water molecules were located using a differ-
ent electron density map. The final Rgetor and Ryee
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were 21.4 and 27.3%, respectively, for the 2.4 A
diffraction data. The refinement statistics are listed in
Table 1.

Accession numbers

The atomic coordinates and structure factors for
scFv6H4:METH (Research Collaboratory for Structural
Bioinformatics Protein Databank = PDB# 3GKZ) and
scFv6H4:MDMA (Research Collaboratory for Struc-
tural Bioinformatics Protein Databank = PDB# 3GMo)
have been deposited in the Research Collaboratory for
Structural Bioinformatics Protein Databank, Rutgers
University, New Brunswick, NJ (http://www.rcsb.org).
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